enhance CIMMYT's provitamin A maize breeding efforts, this study: (i) evaluated whether separation of experimental maize lines into groups based on maximizing their molecular-markerbased genetic distances (GD) resulted in heterosis for among-group crosses, (ii) assessed genetic effects (general and specific combining ability, GCA and SCA) for grain yield and provitamin A concentrations in hybrids among 21 inbred lines representing the three proposed groups, and (iii) assessed the association between grain yield and provitamin A concentrations. The lines were crossed following a partial diallel design resulting in 156 hybrids that were evaluated at four environments with two replications of onerow plots. The first plant in each plot was selfpollinated to produce grain for provitamin A analysis. Significant but small yield advantage of among-versus within-group crosses (0.47 Mg ha -1 , P < 0.05) suggested that the groups identified by maximizing GD could be a practical starting point for further breeding work to develop useful heterotic groups. Furthermore, the GDproposed heterotic groups were improved by later revising some line assignments to groups using estimates of SCA effects. General combining ability effects were significant (P < 0.01) for all traits, whereas SCA effects were weak (P < 0.05) or not significant for provitamin A carotenoid concentrations, indicating that these were controlled primarily by additive gene action. Grain yield was not significantly correlated with provitamin A concentration, indicating that both traits could be improved simultaneously.
high biologically useful concentrations of provitamin A carotenoids in the grain is regarded as a key approach toward alleviating VAD in these regions (Ortiz-Monasterio et al., 2007; Pfeiffer and McClafferty, 2007) . Although there is no consensus about the exact bioconversion ratio for b-carotene to retinol, recent estimates of 2.8:1 (Howe and Tanumihardjo, 2006) , 3.2:1 (Muzhingi et al., 2011) , and 6.5:1 indicate that bioconversion of b-carotene from biofortified maize is considerably more efficient than the standard ratio of 12:1 that is proposed by the United States Institute of Medicine (Institute of Medicine, 2001) . b-cryptoxanthin also has provitamin A activity, although it is theoretically equivalent to half of b-carotene's. Other carotenoids, lutein and zeaxanthin, are available in greater quantity in maize than b-carotene; however, although they have other health benefits such as antioxidant activity, they do not have provitamin A activity (Nuss and Tanumihardjo, 2010) . Furthermore, a recent study indicated that provitamin A could enhance bioavailability of Fe, which is also an essential micronutrient whose deficiency causes widespread health problems (Pixley et al., 2011) .
Breeding for increased concentrations of provitamin A is promising because there is considerable genetic variation available in maize germplasm. Initial CIMMYT studies revealed that among 1000 tropical maize genotypes, total provitamin A varied from 0.24 to 8.80 µg g , while the proportion of provitamin A to total carotenoids ranged between 5 and 30% (Ortiz-Monasterio et al., 2007) . Further, the HarvestPlus project has been conducting extensive work on improving provitamin A level in elite maize lines, hybrids, and synthetic populations. Classical and molecular breeding methods have been implemented, including use of various temperate and tropical sources with high concentrations of provitamin A, and marker assisted selection for reduced-function alleles of the lycopene epsilon-cyclase (LcyE) (Harjes et al., 2008) and b-carotene hydroxylase 1 (CrtRB1) (Babu et al., 2012; Yan et al., 2010) genes. Recently, in a number of improved inbred lines and populations, the concentration of provitamin A in the grain has reached 15 to 20 µg g -1 (Babu et al., 2012) . In terms of breeding products, three-way crosses are preferred over single-cross hybrids in several maize-consuming countries where VAD is prevalent, because seed production is less expensive while considerable uniformity of the hybrid plants can still be obtained. In hybrid development programs, understanding general and specific combining ability (GCA and SCA, respectively) of and between lines, and forming and exploiting meaningful heterotic groups, are key aspects for success. Egesel et al. (2003) evaluated a 10-parent diallel (45 temperate maize hybrids) and found that variation for carotenoids was more attributable to GCA than to SCA effects, indicating a major role for additive gene action. Molecular marker approaches have been used to estimate genetic distance (GD) between maize inbred lines, study the extent of population structure, and classify germplasm into heterotic groups (Prasanna et al., 2010) . Single nucleotide polymorphism (SNP) markers have been used more recently, including the use of 449 unbiased SNPs to distinguish temperate from tropical and subtropical lines, yellow and white kernel lines, and dent and flint lines (Lu et al., 2009) . Use of markers to predict heterosis has been a challenge because even though there are correlations between GDs of inbred lines and heterosis, the predictive ability is low, especially for lines that have greater GDs (Melchinger, 1999) .
The objectives of this study were to: (i) evaluate whether marker-based separation of materials into heterotic patterns effectively maximized among-group cross heterosis, (ii) assess gene action (GCA and SCA) for grain yield and provitamin A concentrations of hybrids among 21 tropical maize inbred lines representing the three proposed groups, and (iii) to assess the degree of association between grain yield and provitamin A concentrations.
MATERiAlS ANd METHodS

Molecular Marker Analysis and Assignment of Parent lines to Heterotic Groups
The SNPs were assayed at Kbiosciences, UK, using the KasPar chemistry (www.kbioscience.co.uk). CIMMYT designed a golden gate assay of 1536 SNP chip in 2009, by selecting markers randomly throughout the genome , which distinguished well several subgroups within tropical maize germplasm without significant ascertainment bias. From this set of 1536 SNPs, CIMMYT further designed single-plex SNP assays using Kbioscience's KasPar chemistry. The set of 432 SNPs were chosen on the basis of call rate (>0.9) and minor allele frequency (>0.15) in a set of 2000 tropical maize lines.
A total of 127 advanced (promising) inbred lines from the CIMMYT-HarvestPlus maize provitamin A biofortification project were assigned to three putative heterotic groups developed using shared-allele GDs calculated from 402 SNP markers (only polymorphic markers were used) followed by neighborjoining tree construction (Fig. 1) . Shared-allele GD was calculated as 1 minus the proportion of shared alleles across 402 SNPs for each pair of inbred lines. Genetic distance was the first and foremost criterion for forming the three groups. Pedigree information was then used within GD-determined groups to avoid using highly related lines within group and to obtain a representative sample for each group, resulting in eight lines for group 1, seven for group 2, and six for group 3, which were used to form hybrids (Table 1; Fig. 1 ). All the inbred lines and all resulting experimental hybrids had yellow or orange grain.
Parent lines and Formation of Hybrids
The selected lines (Table 1) were crossed to each other following a partial diallel design, attempting matings among some lines classified by GD as belonging to different, and also making crosses among some lines classified as belonging to same (i.e., between and within, respectively) putative heterotic groups. mm) during summer 2011. The experimental design was an a-lattice with two replications and 14 incomplete blocks in each replication (there were only 13 incomplete blocks at AF because of a lesser number of hybrids evaluated). The plot size was 5 m × 1 row and plant densities were approximately 66,670 plants ha . The first plant in each plot at AF, TL, and TLCA was self-pollinated for carotenoids analysis. Only one plant per plot was used because (i) these were uniform hybrids, (ii) we had replication, and (iii) there were cost and practical considerations.
Twenty-one parents of the hybrids along with three CIM-MYT maize lines (Table 1) were also evaluated in a separate trial at TLCA. The experimental design was an a-lattice with two replications and four incomplete blocks in each replication. The plot size and plant density were the same as those of the hybrids. The first plant in each plot was self-pollinated for carotenoids analysis. Data from AF during winter 2010 were used as a second environment for carotenoid data for the inbred parent lines. Traits measured for the hybrid and inbred trials included grain yield (Mg ha -1 , adjusted to 12.5% moisture content), anthesis date (d), plant height (cm), and carotenoids concentration in grain (µg g -1 dry weight), including lutein, zeaxanthin, b-cryptoxanthin, b-carotene (all-trans), and total provitamin A. Total provitamin A concentration was calculated as b-carotene (all-trans + 9-cis + 13-cis isomers) + 0.5(b-cryptoxanthin).
Analysis of Carotenoids in Maize Kernels
The carotenoids analyses were conducted at the CIMMYT maize quality laboratory. Random samples of 20 to 30 seeds from self-pollinated ears were frozen at -80°C until grinding to a fine powder (0.5 µm), followed by the CIMMYT laboratory protocols for carotenoids analysis, including extraction, separation, and quantification by high-performance liquid chromatography (Galicia et al., 2009 ). Carotenoids measured were lutein, zeaxanthin, b-cryptoxanthin, and b-carotene (alltrans, 9-cis, and 13-cis isomers).
Statistical Analyses
Mixed model analyses were performed for each trait using the linear model:
Where Y = response variable, µ = grand mean, Env = environment, Rep = replication, Blk = block, GCA i and GCA j = general combining ability (GCA) for parent i and j, SCA ij = specific combining ability (SCA) for parent i and j, and e = experimental error. General combining ability and SCA were considered as fixed effects, whereas environment, replication, block, and all interactions involving these factors were random.
To understand the effects of hybrid and hybrid ´ environment interaction, the same model aggregating GCA i , GCA j , and SCA ij as subpartitions of the variation among hybrids, and their interaction with the environment as "hybrid ´ environment," was fitted to the data. In the presence of significant hybrid ´ environment interaction, Spearman rank correlation analysis among environments
The within-group crosses were designed by subdividing each group to maximize within-group distances, in an attempt to avoid crosses among very closely related lines. A total of 156 hybrids (130 between and 26 within group matings) were obtained after bulking reciprocals. The crosses were performed during June to October 2010 at CIMMYT's Tlaltizapan experimental station, Mexico, and January to May 2011 at CIM-MYT's Agua Fria experimental station, Mexico.
Field Experiments
The hybrids were evaluated at four locations in Mexico: 121 hybrids obtained from Tlaltizapan 2010 crosses and three check cultivars were evaluated at Agua Fria, Puebla (AF) (20°32¢ N, 97°28¢ W; 110 m above sea level [masl] ; average annual temperature 22°C; average annual precipitation 1200 mm) during winter 2010-2011, whereas 137 hybrids from crosses in AF 2011 along with three check cultivars were evaluated in Tlaltizapan, Morelos (18°41¢ N, 99°07¢ W; 945 masl; average annual temperature 23.5°C; average annual precipitation 840 mm), conventional tillage (TL) (six tillage operations), Tlaltizapan conservation agriculture (TLCA) (one tillage operation, to reform planting beds), and Mexico's National Institute of Forestry, Agriculture and Livestock Research (INIFAP) Celaya, Guanajuato (CE) research station (20°26¢ N, 103°19¢ W; 1750 masl; average annual temperature 19°C; average annual precipitation 700 Figure 1 . A neighbor-joining tree of 127 lines based on sharedallele distances from 402 single nucleotide polymorphisms. Red, blue, and green represent lines selected from putative heterotic group 1, 2, and 3, respectively. numbers 1 to 21 indicate the lines listed in Table 1 and used to form hybrids described herein.
was performed, and if the correlations were significant, combined analyses across environments were conducted. The mixed model and correlation analyses were performed in SAS using the MIXED and CORR procedures, respectively, while mean squares and F tests for random effects were obtained using the GLM procedure (SAS Institute, 2009 ) and the appropriate error term on the basis of their respective Type III estimated mean squares. The GCA values of the lines were estimated using the restricted maximum likelihood (REML) method in SAS MIXED procedure using genetic effects as random, which is appropriate for analysis of unbalanced data.
Repeatability of the traits was calculated on the entrymean basis using the following formula: s is genotypic ´ environment variance, 2 s is error variance, e is number of environments, and r is number of replications. Variances were estimated using REML method in SAS MIXED procedure.
Heterosis effects were estimated on entry-mean basis for total provitamin A concentration. Parents' provitamin A data were averaged by lines across two sites and then integrated in the hybrids mean dataset. High-parent heterosis (HPH) was calculated for each hybrid as the percentage difference between the hybrid mean and the best parent (Falconer and Mackay, 1996) . Comparison of HPH among between and within putative heterotic group matings was performed using the independent samples t test in the SAS TTEST procedure (SAS Institute, 2009 ). Equality of variances among these two samples was assessed and Satterthwaite approximation was used to estimate pooled degrees of freedom if the variances were not equal.
Three models for constituting heterotic groups (HG) among the 21 lines were compared: (i) three-HG model developed using Table 1 . Twenty-one lines used for hybrid formation as representatives of three putative heterotic groups (HG) defined by maximizing genetic diversity among 127 lines using 402 single nucleotide polymorphism markers and then minimizing within-group pedigree similarities. 402 SNP GD, (ii) three-HG model based on SCA, and (iii) two-HG model based on SCA. Models based on SCA were developed using the SCA effect estimate, which resulted in a 21 lines × 21 lines SCA matrix with above and below diagonal having the same values, approaching a half-diallel scheme. The values were transformed by adding the absolute value of the smallest SCA estimate to make all values in the matrix positive, which was necessary for subsequent analyses. From a total of 231 expected values in the half matrix including self-pollinations (1 ´ 1, 2 ´ 2, … 21 ´ 21), 73 missing values were estimated using the average of row and column means for each respective cell. Hierarchical clustering analysis using complete linkage method was then performed using R statistical software (http://www.r-project.org), and the grouping information obtained was used as prior information for the discriminant analysis of principal components (DAPC) in R (Jombart et al., 2010) . Discriminant Analysis of Principal Components was mainly used to calculate the membership probability of each line in its heterotic group using k = 2 and 3 for two and three heterotic group models, respectively. This analysis resulted in two heterotic patterns (consisting of two and three putative heterotic groups, respectively), which were then validated using the existing grain yield data of hybrids evaluated in four environments. A selection of promising hybrids, with outstanding grain yield and total provitamin A concentrations, was identified among hybrids with data for three environments (CE, TL, TLCA) for grain yield and two environments (TL, TLCA) for total provitamin A (a total of 131 hybrids). The selected hybrids had both grain yield above the mean + LSD (P < 0.05) and total provitamin A above the mean.
RESulTS
Analyses of Variance
The hybrid and hybrid ´ environment interaction effects were significant for all traits except the hybrid ´ environment interaction for b-cryptoxanthin (Table 2 and Table  3 ). Spearman rank correlations among locations were significant for grain yield (minimum r = 0.27, P < 0.01) and total provitamin A concentration (minimum r = 0.56, P < 0.01), indicating that hybrid ´ environment interactions were not of an extreme crossover type, and therefore combined analyses across locations were performed.
The GCA and SCA main effects were significant for grain yield and plant height (Table 2) , signaling the importance of both additive and nonadditive gene action in determining the inheritance of these traits. The GCA main effects were also significant for all carotenoid traits evaluated, but SCA effects were significant only for b-cryptoxanthin (P < 0.01), zeaxanthin (P < 0.05), and total provitamin A (P < 0.05) concentrations (Table 3) . These results indicate that carotenoid concentrations in F 2 grain, including the total provitamin A concentration, are controlled by genes with mostly additive gene action. It is noteworthy that the theoretical expectation is that heterozygosity and hence heterosis may be reduced in the F 2 relative to the F 1 generation; however, the trait of interest for this research is total provitamin A in F 2 grain because consumers eat F 2 grain and not F 1 seed. **Significant at P < 0.01. † GcA, general combining ability; ScA, specific combining ability; P1, parent 1; P2, parent 2; cV, coefficient of variation. environment, replication, and block were random effects and genotype (hybrid, P1, P2) was a fixed effect. ‡ df, degrees of freedom. § nS, not significant. **Significant at P < 0.01. † GcA, general combining ability; ScA, specific combining ability; P1, parent 1; P2, parent 2; cV, coefficient of variation. environment, replication, and block were random effects and genotype (hybrid, P1, P2) was a fixed effect. ‡ df: degrees of freedom, § Total provitamin A concentration = b-carotene (all-trans + 9-cis + 13-cis isomers) + 0.5(b-cryptoxanthin). ¶ nS, not significant.
The environmental effect was significant for all traits except b-cryptoxanthin (Table 2 and Table 3 ). Average hybrid grain yield was largest when more days elapsed before flowering (among the summer season plantings) at the cooler, higher elevation site, Celaya (Fig. 2) . Average plant height and total provitamin A concentrations at Agua Fria were lower than at Tlaltizapan. The two crop management treatments, normal and conservation agriculture at Tlaltizapan, did not result in significant differences for average grain yield, anthesis date, or total provitamin A concentrations, but plant height was shorter at TLCA (Fig. 2) .
Comparison Among-, Between-, and Within-Group Matings
Phenotypic averages of between-group matings differed significantly from within-group matings for grain yield and plant height but not for anthesis date and carotenoid concentrations ( Table 4) ) and plant height (5.38 cm), indicating greater hybrid vigor of the between-group matings, in which heterosis led to higher grain yield and higher plant height. Repeatablility estimate for grain yield was 0.69, whereas for anthesis date, a well-known highly heritable trait, it was 0.90 (Table 2) . Repeatability estimate for b-cryptoxanthin (0.89) was higher than that for b-carotene (0.56), perhaps reflecting the fact that the environmental influence was larger on the latter trait (Table 3) .
As intended from the formation of the putative heterotic groups, the average shared-allele GDs among parental lines in between putative heterotic group crosses (0.31) were significantly larger than those in within-group matings (0.28), albeit the difference was small. Moreover, GDs were significantly correlated with grain yield of hybrids (r = 0.37, P < 0.01) but not with total provitamin A concentrations (r = 0.03, not significantly different from zero) (Fig. 3) .
Combining Ability, Heterosis, and Heterotic Pattern Line 18 had positive GCA effect for grain yield, whereas lines 6 and 2 were good combiners for total provitamin A ( Table 5 ). The HPH for provitamin A concentration ranged from -0.36 to 1.00, and average HPH did not differ (P = 0.05) for matings of among putative heterotic group lines (average HPH = 0.16) and matings of lines within putative heterotic groups (average HPH = 0.06).
The three-heterotic-group (3-HG) model for grain yield was more appropriate for the inbred lines studied than the 2-HG model. Not surprisingly, because SCA was based on actual rather than predictive data (GDs), the grain yield difference of between-versus within-HG crosses was larger for the SCA 3-HG (1.2 Mg ha ) model. Line membership in heterotic group 2 was consistently assigned using these two methods, except for line 14 (Fig. 4) . Half the lines in the GD 3-HG model's groups 1 (lines 1, 5, 7, and 8) and 3 (lines 16, 19, and 21) were assigned to other groups by the SCA 3-HG model (Fig. 4) . The SCA 2-HG model mainly combined the SCA 3-HG group 1 and SCA 3-HG group 3 into one group, while the second SCA 2-HG group consisted mainly of lines assigned to group 2 by the SCA 3-HG model (Fig. 4) .
Correlations Among Phenotypic Traits
Grain yield had a small positive correlation with b-cryptoxanthin (r = 0.22, P = 0.01) but was not correlated with total provitamin A concentration (Table 6) . Among carotenoid traits, lutein was positively correlated with zeaxanthin (r = 0.52, P < 0.01), both lutein and zeaxanthin were positively correlated with b-cryptoxanthin (r = 0.28 and 0.35, P < 0.01), and b-cryptoxanthin and b-carotene Table 4 . Grand mean, minimum, maximum, between and within putative heterotic group matings means for agronomic and carotenoid traits. GY, grain yield; AD, anthesis date; PH, plant height; LUT, lutein; ZEA, zeaxanthin; bCX, b-cryptoxanthin; bC, b-carotene; PROA, total provitamin A; GD, genetic distance. -0.83 nS -0.16 nS -0.01 nS 0.11 nS 0.03** **Significant at P < 0.01. † Shared-allele genetic distances across 402 SnPs. ‡ Hybrid's minimum and maximum least square means using models with "hybrid" and "hybrid × environment" terms. § Minimum least square means for lutein and zeaxanthin were -0.68 and -0.17, respectively, but should be interpreted as zero. ¶ estimated across four environments (Agua Fria, Tlaltizapan, Tlaltizapan conservation agriculture, celaya) for grain yield and three environments (Agua Fria, Tlaltizapan, Tlaltizapan conservation agriculture) for carotenoid concentrations.
# F tests using models with the "bw" and "bw × env" factors aggregating between-group ("b") and within-group ("w") hybrids, respectively, for all variables except GD (using a model with the "bw" only). † † nS, not significant. ‡ ‡ P < 0.10. Figure 3 . Relationship between grain yield (top panel) and total provitamin A (bottom panel) with genetic distances from 402 single nucleotide polymorphism markers. Red, blue, and green are hybrids within heterotic group 1, 2, and 3, respectively, whereas between-heterotic-group hybrids are in gray.
were weakly and negatively correlated with each other (r = -0.16, P = 0.05). b-carotene (r = 0.93, P < 0.01) but not b-cryptoxanthin (r = 0.09, P = 0.25) was strongly correlated with total provitamin A concentration, reflecting the greater influence of b-carotene than b-cryptoxanthin on total provitamin A concentration.
Selection of Promising Hybrids for Both Grain Yield and Provitamin A
Hybrid 6 × 10 was perhaps the most outstanding experimental hybrid overall, with grain yield of 7.7 Mg ha -1 and total provitamin A concentration 20.7 μg g -1 (Table 7) . Its grain yield was not significantly different from the highestyielding candidate (18 × 19, ). The best hybrid check, CIMMYT's single-cross 'CML451/CML486' (yellow kernel), had significantly more grain yield (10.1 Mg ha -1 ) than all experimental hybrids, whereas the three-way cross commercial hybrid check, 'Jabali' (white kernel, from Monsanto), had similar grain yield (7.9 Mg ha -1 ) to the best experimental hybrids ( Table 7) . As expected, the provitamin A concentration of the hybrid checks (3.8 and 0.5 μg g -1 ) was much less than that of the experimental hybrids (average of 11.7 μg g -1 ). Interestingly, line 2, which had 8.7 μg g -1 and significant positive GCA for total provitamin A concentration, appeared to be outstanding because it occurred in 5 of the 11 selected crosses (Table 7) . Total provitamin A concentration = b-carotene (all-trans + 9-cis + 13-cis isomers) + 0.5(b-cryptoxanthin). Figure 4. Membership probability of each line as revealed by discriminant analysis of principal components for three-group (red, blue, and green, upper panel) or two-group (red and blue, lower panel) models. For comparison, the reader is reminded that grouping by genetic distances (Fig. 1) proposed that lines 1 to 8 belong to group 1, 9 to 15 to group 2, and 16 to 21 to the third group.
diSCuSSioN
The most abundant carotenoids in these biofortified hybrids were lutein + zeaxanthin (19% and 33%, respectively, total 52%), followed by b-cryptoxanthin (27%) and b-carotene (21%) (a-carotene was not measured). These values differ somewhat from those reported as common for yellow maize by the USDA National Nutrient Database (ndb.nal.usda.gov), which are lutein + zeaxanthin (total 89%), b-carotene (6%), a-carotene (4%), and b-cryptoxanthin (0%). b-cryptoxanthin, which has half the vitamin A activity of b-carotene, was more abundant in our hybrids (on average of 4.95 μg g -1
) than reported by Kurilich and Juvik (1999) for 40 diverse maize genotypes (0.55 μg g ). These differences may have resulted from selection for total provitamin A, which has been done during development of the inbred lines in the CIMMYTHarvestPlus program, or may be due to general differences between temperate (mainly used in other reported studies) and tropical germplasm (used herein). Differences in extraction methods, which are sometimes tailored to maximize recovery of carotenoids of greatest interest to a particular study, may also contribute to some of these differences in carotenoid profiles reported for maize.
The study of combining ability was important for understanding gene action affecting provitamin A carotenoid concentrations in F 2 grain. Egesel et al. (2003) reported significant GCA and SCA effects, while in this study the SCA effect for b-carotene was not significant. With predominantly GCA effects, results indicate that additive gene action is mostly responsible for determining b-carotene concentration. The significance (P < 0.05) of the SCA effect for total provitamin A concentration was likely because of highly significant (P < 0.01) SCA effect for b-cryptoxanthin concentrations (contributed onethird to total provitamin A concentrations). This result is consistent with those of previous studies at molecular level indicating that gene actions for LcyE-5´TE and CrtRB1-3´TE, associated with total provitamin A concentration, were partially dominant and partially recessive (i.e., not purely additive), respectively (Babu et al., 2012) .
With regard to genotype ´ environment interaction for b-carotene, Menkir and Maziya-Dixon (2004) reported this was nonsignificant in a study of 17 genotypes evaluated in three locations and 2 yr. Further, although Egesel et al. (2003) found that GCA ´ year interaction for b-carotene was statistically significant, it was of little practical importance (0.75% of the total variation). These reports, conclusions by Pfeiffer and McClafferty (2007) , and our findings indicate that provitamin A expression is more influenced by genotype and environment than by genotype ´ environment effects.
The difference of average shared-allele GD among within-and between-group matings (0.03) was similar to the one reported by Wen et al. (2012) using 498 maize accessions of Tuxpeno core and diverse temperate (U.S. stiff stalk and non-stiff stalk) and tropical germplasm (CIMMYT maize lines, heterotic group A and B), where the difference for average Modified Roger Distance for between and within groups using 1536 SNP markers was 0.06. Moreover, the maximum GD among all possible pairs of lines in this study (0.41) is similar to that reported by Hamblin et al. (2007) using 256 diverse maize inbred lines and 847 SNPs (less than 0.4). All of these studies found apparently small differences for SNP-based GD among lines within groups versus lines among groups, despite breeders' knowledge that the groupings were substantially different on the basis of known pedigree and/or heterotic pattern. Moreover, correlation of GD with grain yield was generally larger for sets with least GD, in agreement with Melchinger (1999) .
A breeding program developing and exploiting three heterotic groups would support the objective of CIM-MYT-HarvestPlus's provitamin A biofortification breeding program to develop excellent three-way cross hybrids with high yield and provitamin A concentration. Experience has shown that many breeding programs in less-developed seed market regions favor large single-cross seed parent Table 7 . Best eleven hybrids selected simultaneously based on grain yield (GY, Mg ha grain yield over maximizing heterosis and yield potential in final (commercial) three-way hybrids; therefore, use of lines from three different heterotic groups should be advantageous for meeting both objectives. On the other hand, in a study using a diverse panel of tropical and subtropical lines from CIMMYT and IITA stress tolerance breeding programs, Wen et al. (2011) found considerable genetic variation within the existing CIMMYT heterotic groups A and B. Therefore, reclassification of working germplasm in CIMMYT breeding programs using methods such as molecular-marker-determined GDs and SCA analysis followed by the discriminant analysis of principal components (Jombart et al., 2010) , as described herein, can be practical and effective in developing heterotic groups for further development and use in breeding programs.
White maize is the preferred food in many countries, and acceptance of yellow maize will be a challenge, which several recent studies suggest is not insurmountable (see review by Pixley et al., 2013) . Discussion of retention (or losses) of carotenoids during storage and processing and cooking of biofortified maize are important topics for which a growing body of literature exists, and interested readers should see Pixley et al. (2013) , Kean et al. (2008) , and Li et al. (2007) .
The absence of a significant relationship between grain yield and total provitamin A concentration in grain reported herein and by Egesel et al. (2003) will facilitate the development of hybrids with excellent values for both of these traits. It is noteworthy that the objective, and hence the reference population for the study, was biofortified maize. We therefore used promising lines from CIM-MYT's provitamin A biofortification program, which are selected for enhanced provitamin A concentrations. Almost all yellow maize has <2 µg g -1 provitamin A, so use of random yellow maize genotypes would predictably result in no correlation and would fail to answer questions about a possible concern for biofortified maize.
CoNCluSioN
Provitamin A concentration was controlled primarily by additive gene action. Significant environment effect for total provitamin A concentration represents a challenge to developing cultivars with widespread impact on vitamin A malnutrition; however, the small magnitude of genotype ´ environment interaction effect indicates that best cultivars can be selected for widespread use. Small but significant yield advantage of crosses among versus within putative heterotic groups formed by maximizing GDs confirmed that molecular-marker-determined GD, while not a panacea, can provide an effective starting point for further breeding work to develop useful heterotic groups.
